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Abstract 
In school environments, children are constantly exposed to mixtures of airborne substances, derived from a 
variety of sources, both in the classroom and in the school surroundings. It is important to evaluate the 
hazardous properties of these mixtures, in order to conduct risk assessments of their impact on children’s health. 
Within this context, through the application of a Maximum Cumulative Ratio approach, this study aimed to 
explore whether health risks due to indoor air mixtures are driven by a single substance or are due to cumulative 
exposure to various substances. This methodology requires knowledge of the concentration of substances in the 
air mixture, together with a health related weighting factor (i.e. reference concentration or lowest concentration 
of interest), which is necessary to calculate the Hazard Index. Maximum cumulative ratio and Hazard Index 
values were then used to categorise the mixtures into four groups, based on their hazard potential and therefore, 
appropriate risk management strategies. Air samples were collected from classrooms in 25 primary schools in 
Brisbane, Australia. Analysis was conducted based on the measured concentration of these substances in about 
300 air samples. The results showed that in 92% of the schools, indoor air mixtures belonged to the ‘low 
concern’ group and therefore, they did not require any further assessment. In the remaining schools, toxicity was 
mainly governed by a single substance, with a very small number of schools having a multiple substance mix 
which required a combined risk assessment. The proposed approach enables the identification of such schools 
and thus, aides in the efficient health risk management of pollution emissions and air quality in the school 
environment. 
2 
 
Keywords:  indoor air mixtures, risk assessment, Maximum Cumulative Ratio, Hazard Index, low concern 
group 
1. Introduction 
Indoor air is known to contain a wide range of pollutants, including gases, vapours and particles derived from 
outdoor air entering the building, as well as from sources within the building. The latter includes building, 
furnishing and consumer products, as well as people and pets, and the combustion of fuel for cooking and 
heating (Crump et al. 2009). Exposure to airborne pollutants can result in adverse health effects. In terms of 
indoor exposure, schools are of particular concern because children spend a significant amount of time at school 
and are more susceptible to pollutants than adults. 
Humans are constantly exposed to multiple substances from multiple sources; however evaluation of their risk is 
usually done on a substance-by-substance basis, which can be seen in regulatory programs such as REACH 
(Registration, Evaluation, Authorisation and Restriction of Chemical Substances) in the European Union and 
TSCA (Toxic Substances Control Act) in the United States. The consideration of cumulative risks (defined as 
the risk caused by combined adverse health effects due to exposure to multiple chemical stressors via all 
relevant routes) (Meek et al. 2011, Sexton 2012) is rarely undertaken when determining human health effects. 
However, it has been asserted that the determination of risk on a single chemical basis could underestimate the 
combined risk of mixtures (EC 2009). 
Until now, the majority of indoor air risk assessment studies have focused on individual substance evaluation 
(Jantunen et al. 1998, JRC 2005, Sarigiannis et al. 2011). For the evaluation of volatile organic compounds 
mixture in indoor air, the TVOC-value (total volatile organic compounds) is frequently used (Mølhave et al. 
1997). However, TVOC is a hygiene-based screening parameter, which does not imply any health risk 
assessment (Salthammer 2011). A recent application of statistical methods for the evaluation of mixture effects, 
which included indoor and outdoor studies (Billionnet et al. 2012) highlighted the necessity of a multi-substance 
approach. Despite recent scientific developments and the need for a multiple substance pattern at both a 
scientific and regulatory level, there are currently a lack of practical tools for the evaluation of health effects 
associated with co-exposure to multiple substances, and in particular, the application of such tools in studies on 
indoor air of classrooms (SCHER 2007, Johns et al. 2012). The Maximum Cumulative ratio (MCR) approach, 
which is an extension of the Hazard Index (HI), has been used as a screening tool for evaluating mixture toxicity 
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(Meek et al. 2011, Price and Han 2011, Sarigiannis and Hansen 2012). In addition, MCR is also a tool for 
investigating the magnitude of the toxicity that could potentially be missed if a cumulative risk assessment is not 
performed. 
As described by (Price et al. 2012), MCR and HI can be used to classify exposure to a mixture according to the 
following four groups, based on the CEFIC-MIAT (Mixtures Industry Ad-hoc Team) decision tree, where each 
group requires a different risk management strategy: 
 Group I: single substance concern 
 Group II: low concern 
 Group IIIA: concern for combined effect dominated by one substance 
 Group IIIB: concern for combined effect by several substances 
Details of these four groups, as defined by Price et al. 2012, are described in Table S1 of the supplementary 
information. 
The MCR methodology has been used in different studies for assessment of the health risk of environmental 
mixtures, such as mixtures of: plant protection products in surface waters; substances in groundwater wells 
(Price and Han 2011); substances in surface waters and waste water treatment effluents (Price et al. 2012); and 
cumulative exposures to multiple dioxin-like substances (Price et al. 2012). But there are very few studies on air 
mixtures using MCR approach. Crump et al (Crump et al. 2013) reviewed the existing European IAQ dataset 
using MCR, while de Brouwere (De Brouwere et al. 2014) used this method in residential indoor air, including 
schools, as a small part of their larger study. However, the methodology has not been applied for assessing the 
exposure of children to indoor air mixtures by comprehensively focusing on each school and individual mixture 
of substances, which has been addressed in our study. 
Considering the health risks associated with children’s exposure to multiple airborne substances from multiple 
sources in school classrooms, the aim of this study was to evaluate the individual mixtures to which children are 
exposed by the application of MCR. The main objectives of the study were to: (a) identify the number and type 
of substances in indoor air in classrooms; (b) quantify the HI and MCR value for each substance in the mixture; 
(c) classify the mixtures into groups in order to identify the type of risk assessment to be done for the mixtures 
in those groups; and (d) derive broader conclusions. 
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2. Experimental Section/Materials and Methods 
2.1 Data Collection 
The indoor air data used for the calculation of MCR were collected from primary schools. The 25 state schools 
selected for this study, coded as S01 to S25, were from a range of different suburbs in the Brisbane Metropolitan 
Area. The schools were randomly selected but they need to meet several selection criteria, which were: (i) no 
major pollution sources near the schools other than traffic; (ii) not close to any large infrastructure project, such 
as a major road, tunnel or building construction; and (iii) naturally ventilated classrooms used by 8-11 year old 
children. One classroom at each school was selected as the sampling site. The average number of students in 
classrooms was 21 and most of the schools were close to busy roads. All monitored indoor volatile organic 
compounds (VOCs) as mentioned in (Mishra et al. 2014) and carbonyls were considered in the MCR 
calculations. The field measurements were conducted from October 2010 until August 2012, as a part of larger 
project called “The Effect of Ultrafine Particles from Traffic Emissions on Children’s Health (UPTECH),” 
which seeks to determine the effect of exposure to traffic generated ultrafine particles and organic pollutants in 
schools. The complete study design is available online 
(http://www.ilaqh.qut.edu.au/Misc/UPTECH%20Home.htm. VOC samples were collected by a portable VOC 
pump (flow rate 150ml/min) in stainless steel desorption tubes (Perkin Elmer) filled with Tenax TA (coarse 
grained and fine grained). At each school 5 samples per day, including one field blank, were collected for 2 
days, with a total of 10 indoor samples collected at each school. Each tube was sampled for 40 minutes. There 
were limitations including noise from the sampling pumps, interruption to regular classes in order to carry out 
sampling for longer periods in classrooms.  Laboratory analysis of all sorbent tubes was performed via thermal 
desorption/gas chromatography, coupled with mass spectrometry (TD-GC/MS) at Fraunhofer WKI, 
Braunschweig, Germany. In all cases the limit of detection was < 1 μg m-3. 
 Carbonyls were collected using a SKC pump, through commercially available DNPH cartridges, at the flow 
rate of 2 l/min for 40 minutes at each sampling sites. At each school, two samples per day were collected for 2 
continuous days, with a total of 4 samples collected at each school. The cartridges were extracted and analysed 
for 13 carbonyl compounds using High Performance Liquid Chromatography (HPLC). A Reversed Phase C18 
(250mm × 4.6mm × 4 micron) column was used as stationary phase, while acetonitrile was used as the mobile 
phase, with a flow rate of 1 ml/min using the gradient analysis (7 min: 60% ACN- 40% H2O; 20 min: 100% 
ACN at 360 nm UV).  
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2.2 Reference Values for Individual Substances 
Health based Reference Values (RVs) are generally used to assess a threshold level below which an individual is 
believed to be protected against the chronic non-carcinogenic effects of a particular substance. Other terms used 
for such values are reference doses (RfDs), permitted doses (PDs), acceptable daily intakes (ADIs), population 
adjusted doses (PADs) and minimal risk levels (MRLs). The World Health Organisation (WHO) and other 
national and state agencies, including the United States Environmental Protection Agency (USEPA) and the 
Agency for Toxic Substances and Disease Registry (ATSDR) have set their own RVs for substances on 
different basis, which cannot be used together. For this work, the Lowest Concentrations of Interest (LCI values) 
were applied, as introduced by the European Collaborative Action (1997) for the health-related evaluation of 
VOC emissions from building products. The LCI-concept has been adopted by the German Committee for 
Health-Related Evaluation of Building Products (AGBB 2012) and the AFSSET (AFSSET 2009) was recently 
been reviewed by the ECA (ECA 2013). LCIs are health-based values and are used to evaluate emissions from a 
single product during a laboratory test chamber procedure. They are expressed in µg/m³. It is important to point 
out that LCI-values are not derived as RVs. However, they can be used as weighting factors for the evaluation of 
mixtures in residential indoor air by the MCR method (De Brouwere et al. 2014). LCI-values originate from 
analogous procedures and provide the most comprehensive dataset currently available. For the compounds being 
relevant for this study, most LCIs were taken from ‘AgBB Committee for Health-Related Evaluation of 
Building Products’ report (AgBB 2012). For carbonyls, CLI (Concentration Limite d’Intérêt) values from 
(AFSSET 2009) were applied, as the reference values for 9 carbonyls (out of 13 in this study) were only 
available from this source.  
At this stage, the (AgBB 2012) and (AFSSET 2009) reports only consider VOCs as defined by ISO (ISO 16000-
6, 2011). This involves organic compounds, sampled on Tenax TA, which elute from a non-polar or slightly 
polar gas chromatographic separation column between and including n- hexane (C6) and n–hexadecane (C16). 
VOCs which do not have an LCI are classified as “non-assessable”. Currently no sharp definition for very 
volatile organic compounds (VVOCs) is available (Salthammer 2014). AFSSET (AFSSET 2009) and the ECA 
(ECA 2013) have already defined LCIs for a limited number of VVOCs and it is stated in (ECA 2013) that this 
group will be addressed in the future. 
2.3 MCR Calculation/Statistical Analysis 
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The calculation of MCR values was based on the approach described by Price and Han (Price and Han 2011). 
According to the authors, by using the hazard quotients (HQs) for each substance present in a mixture and the 
hazard index (HI) of the mixture, the value of MCR for an individual exposed to a mixture of substances in an 
environmental media can be calculated by: 
HQi = Ci/RVi 
HI = ∑ HQi 
MCR= HI/max HQi 
where , HQi= Hazard Quotient of the ith substance in the mixture 
Ci = the concentration of the ith substance in the media to which an individual is exposed 
  RVi = health based reference value of a substance i (expressed as a concentration) 
 HI = Hazard Index of the mixture 
The MCR of an individual’s exposure to the mixture is the ratio of the HI of the mixture to the maximum hazard 
quotients of the individual components (max HQi). The theory of MCR for toxicity estimation is based on a 
dose additive model, which includes a simple conservative screening approach without considering the mode of 
action and target organs (i.e. all substances in the mixture are considered to act on same target organ with the 
same mode of action). The concept of MCR was first applied by Könemann (Könemann 1981) in the field of 
aquatic toxicology, where he used this ratio as a part of a quantitative strategy for the determination of the 
combined action of chemical mixtures on fish. The author noted that the MCR value for an individual was 
bounded by 1 and n (n = number of analysed substances in the mixture). If the ratio had a value close to 1, it 
meant that one substance was responsible for nearly all of the toxicity of the mixture, while a value of n 
indicated equal toxicities of all substances in a mixture. 
MCR values were calculated for the identified compounds from the mixture using the available reference 
values. Concentrations below the detection limit were replaced by half of the limit of detection. For some 
substances (VOCs and VVOCs) it was not possible to calculate MCR because of the unavailability of the 
reference values for these compounds from the same source. The concentrations of most of the substances 
identified in this study, both with and without reference values, are provided in Table S2 and S3, respectively, in 
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Supplementary Information. A scatter plot was used to investigate the relationship between MCR and HI in each 
school. MCR calculations were done using Microsoft Excel 2007 and non-parametric correlations between HI 
and MCR were performed according to Spearman’s correlation in SPSS. 
 
3. Results 
3.1 Sample and Data Description 
The entire data set included the results of 210 Tenax and 88 DNPH sample measurements. All concentration 
values were blank corrected. The composition of substances in all samples is given in Table 1. Altogether, 73 
organic compounds (including 11 carbonyls) were detected in air samples from classrooms in 25 schools.  
Table 1: The number of substances in the samples of 25 schools 
Detected substances VOCs from Tenax sampling 
(number of samples = 210) 
Carbonyls from DNPH sampling 
(number of samples = 88) 
maximum minimum average maximum  minimum  average 
35 3 14 9 2 5 
Substances Below Limit of 
Detection (LoD) 
24 0 3 3 0 1 
 
3.2 Reference Values 
The reference values were identified for 9 carbonyls and all the VOCs except benzene. As far as carbonyls were 
concerned, no reference values were available for acetone, acrolein, p-tolualdehyde and methacrolein.  
Reference values were also not available for a number of VVOCs including isopentane, pentane, 
dichloromethane, methylcyclopentane, 1,1-dichloropentane, ethanol, propanol, butane and ethyl acetate.  
Among them, acetone was the predominant substance in the mixture. Other substances, such as isoprene, 
carvone, menthol, methyl palmitate and benzoic acid had no reference values, but they were present very 
infrequently (< 3% of the samples). The organic compounds found in this study, together with their sources and 
reference values, as derived from LCIs, are listed in Table 2. 
 
Table 2: The organic substances identified in this study, their reference values (RVs) as derived from LCIs and 
the source codes. 
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Substance RV 1) 
(μg/m3) 
Source 
code 2) 
Substance RV 1) 
(μg/m3
) 
Source 
code 2) 
2-methyl hexane 15000 1 methylisobutylketone 830 1 
3-methyl hexane 15000 1 butanoic acid 370 1 
hexane 72 1 benzyl alcohol 440 1 
heptane 21000 1 butylacetate 4800 1 
toluene 1900 1 octamethylcyclotetrasiloxane 1200 1 
limonene 1500 1 phenol 10 1 
nonanal 1300 1 octanal 1100 1 
hexanal 890 1 octane 1500 1 
2-ethyl-1-hexanol 540 1 o-xylene 1500 1 
Ethylbenzene 4400 1 heptanal 1000 1 
m,p-xylene 2200 1 α-pinene 1500 1 
dodecamethylcyclohexasiloxane 1200 1 methylcyclohexane 8100 1 
Naphthalene 5 1 C10 (aliphatic hydrocarbon) 6000 1 
caprolactam 240 1 1-methoxy-2-propyl acetate 2700 1 
dodecamethylcyclopentasiloxane 1500 1 heptanoic acid 550 1 
C12 (aliphatic hydrocarbon) 6000 1 decanal 1400 1 
C13 (aliphatic hydrocarbon) 6000 1 formaldehyde 10 2 
C14 (aliphatic hydrocarbon) 6000 1 acetaldehyde 200 2 
octanoic acid 600 1 propionaldehyde 8 2 
acetophenone 490 1 crotonaldehyde 650 2 
C9 (aliphatic hydrocarbon) 6000 1 2- butanone 5000 2 
styrene 860 1 butanal 650 2 
cyclohexane 7000 1 benzaldehyde 90 2 
cyclohexanone 410 1 pentanal 1700 2 
β-pinene 1500 1    
 
   
                                                            
1 Please note that the RVs are in fact LCI- values (see text for details) 
2 Source code: 1: (AGBB 2012) ; 2: (AFSSET 2009) 
9 
 
3.2 MCR Calculation and Classification of Mixtures 
 
3.2.1 Overall MCR Results for VOCs in 25 Schools 
 
Figure 1 presents a scatter plot of MCR values versus HI for all of the indoor mixtures in 25 schools. There is 
significant decline of MCR values as HI values increase. In addition, there is a negative correlation (Spearman’s 
rho correlation coefficient -0.3, p value < 0.01) between MCR and HI across the data set.  
 
 
Figure 1. Scatter plot of Maximum Cumulative Ratio and Hazard Index values for all mixtures (Spearman’s rho 
correlation coefficient = -0.3 and p <0.01). 
 
The overall result was calculated using all of the substances identified in each school, together with 
concentrations that were below the limit of detection. The MCR values of all mixtures ranged from 0.81 to 7.49, 
with a median of 1.71, whereas the values for HI ranged from 0.0007 to 3.75, with a median of 0.05. The 
maximum MCR value for an individual exposed to a mixture was bounded by “n”, the number of substances in 
a mixture. In our study, the MCR value was found to be small (maximum of 8 relative to n), which indicates that 
the toxicity of the mixtures was, in general, driven by only a few of the substances in the mixture.  
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Figure 2. Classification of all mixtures (each school) in 4 groups (I, II, IIIA, IIIB) 
There was not much variation in the classification of mixtures among the 25 schools, as can be seen in Figure 2. 
The mixtures in the majority of schools were situated in the low concern group (II), followed by the single 
substance concern group (I) and combined effects groups (IIIA and IIIB). On average, the majority (91%) of the 
indoor mixtures in all schools were in Group II, whereas less than 1% was in Group IIIB. Similarly, Group I and 
Group IIIA consisted of 7% and 1% of the mixtures, respectively. 
Individually, all of the mixtures from 23 schools (S01, S02, S04, S05, S07, S08, S09, S10, S12, S13, S14, S15, 
S16, S17, S18, S19, S20, S21, S22, S23, S24 and S25) fell into the low concern group (II), indicating a HI value 
less than 1. All of the observed concentrations were much lower than the reference values. Similarly, schools 
including S03 and S11 had the highest percentage of mixtures in Group I (i.e. single substance concern) and the 
substance which had a HQ greater than 1 in these schools was phenol. The concentration of phenol was above 
the reference value in these schools and this made the HI values greater than the corresponding MCR values. In 
addition, S06 had some percentage of mixtures in group IIIA and IIIB, whereas none of the schools had their 
highest percentage in both of these groups.   
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Such variation was mainly due to differences in the concentration of substances in the mixtures present, but it 
may have also result from other factors, such as the different type of substances identified, analytical 
performance and the selection of RVs.  
3.2.2 MCR Results under Different Conditions 
MCR values were again calculated in two different ways, in order to determine whether the approach used had 
any effect on the overall results (including all of the substances identified, replacing LoD value with half of limit 
of detection).  
 Case 1: excluding the substances with concentrations below the limit of detection 
 Case 2: calculation based on 7 most common substances (detected in more than 40% of the samples) 
namely: toluene, heptane, nonanal, decanal, 2 ethyl 1-hexanol, benzaldehyde and m,p-xylene 
Table 3 presents the values for HI and MCR for these two cases along with overall result. The removal of 
substances with concentrations below limit of detection resulted in some changes to the minimum values, with 
no significant impact on maximum and median values, which means there were very few VOCs below the limit 
of detection. In Case 2, both HI  and MCR values decreased significantly (HI: maximum value from 3.75 to 
2.01, minimum from 0.0007 to 0.0002 and median from 0.05 to 0.03) compared to both the overall result, as 
well as Case 1, indicating that the lesser the number of substances in the mixture, the lower the HI values will 
be. 
Table 3: Values of HI and MCR for mixtures in case 1 and case 2 
Cases HI MCR 
 maximum minimum median maximum  minimum median 
Overall result 3.75 0.0007 0.05 7.49 0.81 1.71 
Case 1 3.75 0.0004 0.05 7.49 0.81 1.71 
Case 2 2.01 0.0002 0.03 6.85 0.73 1.37 
 
The average percentage of mixtures in each group for both cases are provided in Table 4, from which it can be 
seen that there was a similar percentage distribution of mixtures in each group, both with and without LoD 
values, whereas significant changes were observed for Case 2. Using MCR values for only the 7 most common 
substances (Case 2) caused the average percentage of mixtures in the: single substance concern group (I) to 
decrease from 7.5% to 0.5 %; low concern group (II) to increase from 91 to 99%; and concern for combined 
effects groups to decrease by half percentage for IIIA and IIIB. 
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The scatter plots showing the correlation between MCR and HI values for case 1 and 2 are included in Figures 
S1 and S2 of the Supplementary Information.  
Table 4: Classification of mixture based on HI and MCR values 
Cases Average % of mixtures in each group from 25 schools 
 Group I Group II Group IIIA Group IIIB 
Overall result 7.5 91 1 0.5 
Case 1 7.0 91.5 1 0.5 
Case 2 0.5 99 0.5 0 
 
From Table 4, it can be concluded that the inclusion of substances below the limit of detection of the sampling 
instruments did not make any difference to the distribution of mixture. However, addressing only the common 
substances saw a significant number of moves into the low concern group, for which no further risk assessment 
is necessary. 
3.2.3 MCR Results for Carbonyls in 25 Schools 
The distribution of carbonyl mixtures in each of the 25 schools is presented in Figure 3. 
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Figure 3.  Classification of all carbonyl mixtures (in %) each school 
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It can be seen that all of the mixtures in 12 schools fell into low concern group (Group II) and there were three 
schools with 100% of mixtures in Group I (concern for single substance). Only 2 schools (S03, S04) had some 
percentage of mixtures that fell into Group IIIA (concern for combined effect dominated by one substance). 
There were no mixtures in any of the schools belonging to Group IIIB (combined effect by several substances), 
which indicates that there was no need to perform further risk assessments for cumulative effect. On average, 
30%, 67% and 3% of mixtures were classified in Group I, Group II and Group IIIA, respectively. 
Acetone was found to be the most dominant substance in all of the mixtures, but it was not included in the 
calculation because of unavailability of the reference value because it was not considered in the list where RVs 
were taken for this study.  Lack of RV for acetone can have impact on the MCR results, for instance, changes in 
the percentage classification of mixtures (shifting from one group to other). Acetaldehyde and benzaldehyde 
were other common carbonyls identified in the mixtures. Almost 50% of the schools contained mixtures with 
only two or three carbonyls.  
4. Discussion  
The results show a variation in the distribution of mixtures among the 25 schools, with the largest group of 
mixtures found in the low concern group (Group II), followed by the combined effect groups (Group IIIA and 
IIIB) and the single substance concern group (Group I). A maximum percentage of mixtures in the low concern 
group were also found by de Brouwere (De Brouwere et al. 2014) in Flemish schools.  
When MCR was applied, the mixtures with the largest HI values were classified in the single substance concern 
group, where the HQ of at least one substance exceeded 1 (i.e. the observed concentration was higher than the 
reference values). In this case a chemical-by-chemical approach is necessary, in order to assess where risk 
management strategies should be focused (i.e. on the substance corresponding to the maximum HQ >1). 
The pattern of combined risk observed in this study was also found in two other studies, one conducted by 
(Price and Han 2011) for water samples and the other conducted by de Brouwere (De Brouwere et al. 2014) for 
indoor air samples. A low variability in the proportion of mixtures of concern for combined effects (Group IIIA 
and IIIB of MCR methodology) was observed among different schools in our study. The percentage of mixtures 
in these groups of concern for combined effect varied from 12.5 % to 25%.  In this case, a chemical-by-
chemical approach would not be appropriate and there is a need for further investigation of such combined 
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effects. When there is a concern for combined effect dominated by one substance (group IIIA), risk management 
can be focused on the substance with maximum HQ (HQmax <1). 
However, by using MCR as a screening tool, the process of performing combined risk assessments can be 
limited to those mixtures which are identified as a concern for combined effect dominated by several substances 
(Group IIIB). This is because, according to Price and Han (Price and Han 2011), the MCR methodology 
estimates toxicity by using the chronic health based reference values, without considering the mode of action or 
commonality of end points. It is based on a dose addition model, which uses the simple conservative assumption 
that all substances present in the mixture could provoke the same end point with the same mode of action. 
Therefore, MCR can act as only a screening tool in order to identify the mixtures which are a potential concern 
for toxicity by several substances. 
For the evaluation of cumulative exposure, the WHO has developed a tiered approach, where the dose addition 
model is classified as a WHO Tier 1 assessment, and therefore, Group IIIB mixtures (value of HI >1 but HQmax 
<1) would require a higher tier cumulative risk assessment (Tier 2 and Tier 3), where full exposure assessments 
and more focused toxicity assumptions would be used. The first step in the higher tier combined risk assessment 
(Tier 2) would involve refining hazard characterisation by considering communalities in health endpoints or 
target organs, as suggested by Meek (Meek et al. 2011), and then replacing the generic HI values by endpoint or 
target organ specific HI values. In other words, a situation can be assumed where substances affect different 
target organs with an independent mode of action and target organ-specific HI are used instead of summing up 
all HQs. In addition to this, Tier 3 risk assessment incorporates increasingly refined information on mode of 
action, including both kinetic and dynamic aspects, as well as additional information on the potency of 
individual substances for the common effect, using the point of departure instead of RV (Meek et al. 2011). 
5. Conclusion 
This study found that toxicities in indoor air mixtures were dominated by a small number of substances 
compared to the number of substances detected in the mixture, and also that the mixtures of higher toxicity were 
usually governed by a single substance. It also demonstrated that MCR is a useful tool for identifying whether 
indoor mixtures require single substance assessment, further risk assessment of combined exposure or no further 
risk assessment at all. Overall, more than 90% of the mixtures belonged to the low concern group, indicating a 
low health risk to children and requiring no further risk assessment. For the mixtures belonging to Group I and 
IIIA, whose toxicity were governed by single substances, a focused risk assessment on that particular substance 
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in the mixture can be done in number of ways by: (a) finding and controlling the source/s of the substance in the 
classrooms; (b) identifying how toxic the substance is, together with its associated health risk; and (c) 
ascertaining how to reduce exposure to the substance. For the mixtures belonging to IIIB, where the toxicity was 
due to the combined effect of several substances, a higher level risk assessment and management plan is 
required to address the different aspects of multiple substances, including exposure, toxicology, epidemiology 
and modelling and risk assessment.  
MCR is a highly promising approach, however, as pointed out earlier by de Brouwere  (De Brouwere  et al. 
2014); this concept requires a comprehensive list of target compounds and reference values. It is of great 
importance that the derivation procedure for these reference values is harmonized. Moreover, future evaluation 
concepts for IAQ should consider VVOCs and SVOCs to a greater extent (Salthammer 2014).   
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Table 1: Classification of mixture based on MCR and HI in CEFIC- MIAT decision tree 
Group Boundaries on MCR, HI and 
maxHQi 
Description 
Group I max HQi > 1 (HI > MCR) “single substance concern”: mixtures containing at least one substance in 
a concentration that pose a health risk; the risk would have been 
identified also in a substance- by – substance assessment 
Group II HI<1 “low concern”: mixtures of low concern with regard to individual 
19 
 
substances and their combined effects 
Group IIIA MCR <2, HI > 1 and max HQi < 1 concern for combined effect dominated by one substance”: mixtures with 
low concern for the individual substances, but with concern for 
combined effects where one substance is responsible for most of the 
mixture’s toxicity; further cumulative risk assessment is required; a 
substance –by substance assessment would not have been identified this 
mixture as of concern, since max HQi<1. 
Group IIIB MCR >2, HI >1 and max HQi < 1 “concern for combined effect by several substances”: mixtures with low 
concern for the individual substances, but with concern for combined 
effects where several substances are responsible for the mixture’s 
toxicity; further cumulative risk assessment is required; a substance – by 
substance assessment would have not identified this mixture as of 
concern, since max HQi<1. 
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Table S2: Statistics on concentrations of substances (in all mixtures) with reference values 
substances concentration(μg/m3) 
minimum median 10-P 90-P maximum sum 
2- methyl hexane 1.77 3.46 1.98 4.83 281 1227 
3-methyl hexane 2 30.33 3.41 45.49 387 2557 
hexane 1.77 3.46 1.98 4.83 22 156 
heptane 1 14.54 1.82 19.17 363 2187 
toluene 1 11.20 2.95 43 692 3221 
limonene 1 22.83 2.01 22.23 213.77 575 
nonanal 1.30 6.88 2.09 20.22 22.72 960 
hexanal 1.26 5.22 2.17 9.40 13.03 52.24 
2-ethy 1-hexanol 1.41 7.30 2 21.20 564 1165 
ethylbenzene 2 2.97 2.07 3.94 4.12 11.87 
m,p- xylene 1 5.99 1.97 25.27 50 206 
dodecamethylcyclohexa
siloxane 
1 9.23 1.20 20.15 24.69 27.69 
naphthalene 2.50 2.50 2.50 2.50 2.50 2.50 
caprolactum 5.25 5.62 5.32 5.92 6.0 11.25 
dodecamethylcyclopent
asiloxane 
1.59 5.86 1.93 6.85 40.36 93.78 
C12 2 2.12 2.02 2.21 2.24 4.24 
C13 2.24 2.24 2.24 2.24 2.24 2.24 
C14 4.0 4.0 4.0 4.0 4.0 4.0 
octanoic acid 1.0 1.05 1.0 1.53 1.65 5.14 
acetophenone 1.41 2.07 1.56 2.70 3.0 8.30 
C9 1.41 2.86 1.70 4.02 4.31 5.72 
styrene 1.50 3.44 2.26 3.44 4.93 27.28 
cyclohexane 1 3.98 1.49 6.68 7.48 11.95 
cyclohexanone 4.36 4.36 4.36 4.36 4.36 4.36 
beta-pinene 6.58 6.58 6.58 6.58 6.58 6.58 
hexamethyltrisiloxane 1 1.65 1.15 2.12 2.21 4.95 
butanoic acid 4.0 4.0 4.0 4.0 4.0 4.0 
benzyl alcohol 10 10 10 10 10 10 
phenol 1 4.30 1.56 6.63 17 74.32 
octanal 1 3.64 1.39 6.24 11.61 24.71 
octane 1.41 2.05 1.55 2.53 2.65 6.14 
o-xylene 1 6.91 1.37 10.10 40.0 69.13 
heptanal 1 3.82 1 8.40 12.00 19.11 
alpha-pinene 1 7.06 1.60 15.78 27 42.39 
methylcyclohexane 6.00 40.00 6.80 73.00 225.01 495 
C10 3.46 3.55 3.79 3.98 4 11.38 
heptanoic acid 2.63 2.63 2.63 2.63 2.63 2.63 
decanal 1.44 3.18 1.90 4.62 67 226 
benzaldehyde 1 4.25 1.58 7.99 85 213 
C11 1.41 1.76 1.48 2 2 7.04 
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Table S3: Statistics on concentrations of substances (in all mixtures) without reference values including VVOCs 
and non-assessable compounds 
substances concentration(μg/m3) 
minimum median 10-P 90-P maximum sum 
isopentane 2.71 16.38 2.73 42.21 207 1549 
pentane 1 9.70 2 17.40 20.82 216 
dichloromethane 1.26 5.29 1.31 12.14 16.49 126 
methylcyclopentane 2.04 4.77 2.40 7.51 8.43 140 
ethanol 3.83 12.07 4.28 23.10 40.73 306.25 
propanol 2.71 76.59 3.01 201.71 279.32 606.35 
butyl acetate 1.61 26.67 1.76 75.70 123.00 333.37 
ethylacetate 2 4.94 2.40 7.90 8.06 58.35 
butylglycol 2 7.36 2.13 13.10 14 288.87 
acetone 2 10.75 3.45 25.65 42 695 
acetic acid 3 17.60 5.63 110.74 242 2012 
dibutyl ether 4 7.08 4.05 11.25 13 212 
butanol 3.37 36.52 3.44 82.60 168.00 292.20 
2- methyl pentane 1.41 10.29 1.63 14.43 264 1103 
benzene 2.67 3.20 2.78 3.62 3.72 63 
longifolene 3 16.99 3.18 32.98 40 280 
3-methyl pentane 2 10.19 2.70 23.69 119 465 
isobutanol 2 2.49 4.44 6.39 6.88 85 
1,2 propanediol 3.11 13.51 3.40 24.44 24.68 124 
methyl palmitate 4.28 10.18 4.64 18.97 24.20 120 
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Figure S1: Scatter plot of Maximum Cumulative Ratio and Hazard Index values for all mixtures without limit of 
detection values (Spearman’s rho correlation coefficient= -0.29 and p <0.01) 
 
 
Figure S2: Scatter plot of Maximum Cumulative Ratio and Hazard Index values for all mixtures with 7 most 
common substances (Spearman’s rho correlation coefficient= -0.16 and p <0.05) 
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